I. INTRODUCTION
The initial decomposition reaction, activated by electronic excitation, for two nitrogen rich tetrazole based isolated, energetic salt molecules in the gas phase is studied both experimentally and theoretically. In this context, energetic salt molecules (species) are those that form a crystal of a condensed phase energetic salt material. 1, 2 Synthesis of new heterocyclic based energetic salts appeared a decade ago: these molecules are difficult to detect and their low vapor pressures essentially eliminated the risk of exposure through inhalation. 3 Their properties are optimized and improved through the combination of different cations and anions, as well as by independent modification of cationic and anionic components. 3 The most promising heterocyclic backbone for preparation of high-performance nitrogen-rich energetic material is considered to be the tetrazole ring. 4 The tetrazole ring is a five-membered aromatic heterocycle, containing four nitrogen atoms and one carbon atom, with a high heat of formation resulting from inherently energetic N-N and C-N bonds, high strain, and high density. 4 During a) Author to whom correspondence should be addressed. Electronic mail: erb@Colostate.edu decomposition, the N-N and C-N bonds are converted to form N 2 , an extremely stable and environmentally green molecule, with a large amount of energy being released from the molecular system. 5 The corresponding nitrogen-rich salts of 5,5 ′ -bistetrazoles have one of the highest nitrogen contents of any tetrazole ring derivative, and have been the focus of research and application as a low-smoke pyrotechnic fuel for decades. 4 In these salts, the observed N-N and C-N bond lengths both lie between typical values for single and double bonds and show good agreement with bond lengths in common aromatic heterocycles. 6 The torsion angles for the bistetrazole rings indicate a completely planar ring system for the whole anion, which together with the bond lengths lead to the assumption of a large 6π-electron aromatic system. 4 Diammonium 5,5 ′ -bistetrazolate (NH 4 ) 2 BT is one of the tetrazole based energetic salts upon which we focus in this study: its isolated molecule structure is shown in Figure 1 . The crystal structure of (NH 4 ) 2 BT is a layered topology in which the bistetrazolate moieties are connected over the ammonium cations via a hydrogen-bonding network. 4, 6 The nitrogen content of (NH 4 ) 2 BT is 81.36 wt. % and its decomposition temperature is 312
• C. 4 (NH 4 ) 2 BT shows low sensitivities toward both impact (35 J) and friction (>360 N). 4 The detonation velocity of (NH 4 ) 2 BT equals 7417 m/s, which is comparable to that for TNT. 4 The azo-couplings of nitrogen-rich heterocycles, such as 5,5 ′ -azotetrazolate dianion (zT 2− ) salts, are particularly interesting because of their high heat of formation, and high molar and volumetric gas production. 2, 7 TAGzT, which consists of two triaminoguanidinium cations and one divalent azotetrazolate anion, is the other energetic salt studied in this work (molecular structure is shown in Figure 1 ) and it shows promise as a propellant additive because of its exceptionally high burning rate. 5, 8 The carbon, nitrogen, and three amino hydrogen atoms in the triaminoguanidinium cation are nearly coplanar. 5 The azotetrazolate dianion consists of two identical coplanar, five-membered tetrazole rings, whose carbon atoms bond to each side of the N==N azo functional group. Two C-N bonds and three N-N bonds in each tetrazole ring all contain double-bond character as a result of π-electron delocalization. 5 The TAGzT material is a bright yellow, needle-like crystalline solid with a decomposition temperature of 209.2
• C and a nitrogen content of 82 wt. %. 5, 7 The impact sensitivity and friction sensitivity of TAGzT are 4 J (RDX = 5 J) and 60 N (dry PETN = 60 N), respectively, which imply that TAGzT is a relatively sensitive energetic salt. 9 The detonation velocity of TAGzT is 7654 m/s, comparable to the value of TNT. 9 Based on previous studies, the major explosion product for TAGzT is N 2 , 2,7,9 which has been identified with mass spectrometry (m/z = 28), as well as by its characteristic purple gas-phase discharge color using a highfrequency brush electrode. 9 Decomposition is initiated by the opening of tetrazole ring and the tetrazole ring decomposes to nitrilimines under release of nitrogen N 2 as the main decomposition step. 1, 2, 9 Near 195 • C, the triaminoguanidinium cation decomposes through the elimination of hydrazine, which subsequently decomposes to form HNCNH and NH 3 (or N 2 H 4 ) as main products. 1, 9 We focus on the decomposition of isolated energetic salt molecules experimentally, and calculate the decomposition mechanism of single energetic salt species theoretically. Theoretical approaches are guided by the experimentally observed results for reactions, kinetics, and dynamics in order to generate the observations and to demonstrate that current, modern ideas of organic unimolecular decomposition processes are consistent with the ultrafast behavior of energetic molecular species and their properties. Two directions for explication of the release of stored energy from energetic materials can be explored: study of the sensitivity, heat of formation, and denotation velocity in the solid state; and study of the initial bond dissociation reaction and decomposition mechanisms for the exothermic unimolecular chemical reactions driving detonation. 10, 11 The latter approach, which we have pursued over the last decade, [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] emphasizes the isolated energetic molecule behavior as the essential first step in the energy release processes in either phase. In both gas phase and condensed phase, the first step of the decomposition mechanism is initiated by an endothermic chemical reaction, presumably the rupture of a local molecular bond. 28, 29 In general, the difference between condensed phase and gas phase reactions is that solid state reactions occur within the rigid constraining environment of a crystal lattice, in which intermolecular interactions can influence reaction mechanisms and directions. 30 In the condensed phase in energetic salt material, intermolecular π-stacking and hydrogen-bonding interactions, which can affect the sensitivity and explosive behavior of energetic salts, are present. 31, 32 The energy of these interactions is around 10-15 kcal/mol, much lower than the energy of chemical bond (>40 kcal/mol) in the isolated energetic salt molecules. 33, 34 Although condensed phase reactions can be more complicated than gas phase ones, studies of the unimolecular behavior of explosives enable researchers to understand initial decomposition mechanisms and it represents a reasonable approximation to the primary initial behavior for their decomposition; moreover, they provide useful information toward the design of new energetic materials with low sensitivity and high denotation performance. 10, 28 Energetic materials are sensitive to stored energy release initiation by heat, electrostatic discharge, impact, friction, shock, and laser irradiation; 33 however, in which way the input energy can be concentrated to create sufficient energy localization to break an initial intramolecular bond to commence the exothermic decomposition reaction is still a very complicated problem. 33 Mechanisms have been proposed involving shock waves passing through an energetic solid that result in considerable intramolecular vibrational excitation, which leads to bond rupture in a high energy molecule: this is referred to as a multiphonon-vibron up-pumping mechanism. 33, 35 In our studies, we have followed decomposition mechanisms starting from excited molecular electronic states. Based on the phenomenon of triboluminescence, it can be concluded that molecular electronic excitation must contribute to the initial chemical reactions that begin the release of stored molecular energy for an energetic system. [36] [37] [38] [39] [40] [41] [42] Consequently, our studies focus on the unimolecular decomposition mechanisms for electronically excited molecules comprising energetic materials. Both experiments and theory are explored in order to explicate the kinetics of and mechanisms for these initial processes.
When the excited states are involved, conical intersections, which are the potential crossing and non-adiabatic interaction points between two adiabatic electronic state surfaces, play a key role in the ultrafast (<100 fs) decomposition mechanisms, which successfully explain experimental observations. [12] [13] [14] [15] [43] [44] [45] [46] The presented discussion includes product energy distribution, at the initial ultrafast molecular level, following electronic excitation for the isolated energetic salts of interest. Although completely ground state processes can occur for these systems, they are in most instances not the main reaction paths for generation of observed products under the current experimental conditions.
In sum, in this work, energy resolved spectra of product molecule N 2 are studied to define initial decomposition dynamics of the isolated energetic salt molecules (NH 4 ) 2 BT and TAGzT: these spectra reflect the rotational temperature of the N 2 product. Potential energy surfaces for the excited and ground electronic states of the two energetic salts (NH 4 ) 2 BT and TAGzT are explored theoretically employing quantum chemistry calculations (Gaussian 09, CASSCF). The detailed decomposition mechanisms are thereby determined and discussed. As none of these energetic species contains an NO 2 or an N 2 O 2 group, tetrazole ring opening decomposition mechanisms are calculated and proposed. These studies are both fundamental and practical as they make advances toward the application of fundamental chemical physics specifically to the behavior of new energy storage salt materials.
II. EXPERIMENTAL PROCEDURES
The experimental setup consists of a matrix-assisted laser desorption (MALD) system, a supersonic jet expansion nozzle, and a time of flight mass spectrometer. Details of the instrumental design are described in our previous papers. 13, 14 The nozzle used for the molecular beam generation is constructed from a Jordan Co. pulsed valve and a laser ablation attachment. The laser desorption head is attached to the front of the pulsed valve with three significant parts: (1) a 2 × 60 mm channel for the expansion gas from the nozzle, (2) a conical channel (3 mm at the outside and 1 mm at the intersection with gas expansion channel) for the ablation laser beam perpendicular to the expansion gas channel, and (3) a 40 mm diameter hole for the sample drum. The sample drum fits into the 40 mm hole and is simultaneously rotated and translated by a motor and gear system in the vacuum in order to present a fresh sample region to the ablation laser for each pulse. The nonvolatile samples are desorbed from the drum by 532 nm ablation laser, entrained in the flow of He carrier gas under a pressure of 80 psi through the 2 × 60 mm channel in the laser desorption head, and expanded into the vacuum chamber. With 80 psi He backing pressure for the closed pulsed valve, the chamber pressure remains at 8 × 10 −8 Torr; with the valve open at 10 Hz, the chamber pressure increases to 4 × 10 −7 Torr. All sample drums for MALD are prepared by wrapping a piece of porous filter paper around a clean Al drum. A solution of 0.02 mol/l matrix (rhodamine 6G) and 0.01mol/l (NH 4 ) 2 BT or TAGzT in water is uniformly sprayed on the drum surface while it is rotating under a halogen heat lamp in a fume hood to make sure the sample coating is dry. Rhodamine 6G is chosen because it has an intense absorption at 532 nm; consequently, it can efficiently absorb the 532 nm laser photons, and decompose. This process expels the intact energetic molecules, trapped in the dye matrix, into the supersonic expansion gas flow from the pulsed nozzle.
An air atomizing spray nozzle (Spraying System Co.) with siphon pressure of 10 psi is used to deposit the energetic salt plus matrix on the filter paper surface. The dried drum with the well-distributed sample is then placed in the laser ablation head assembly and put into the vacuum chamber for decomposition reaction studies. Both energetic salts are supplied by Prof. Thomas M. Klapökte, Ludwig-Maximilian University of Munich.
Laser ablation process will generate both ionic and neutral species. In our apparatus, only the neutrals can enter the electric field extraction/ionization region because the plates are continuously charged to 4.00 kV and 3.75 kV, as is usual for a linear 1 m time of flight mass spectrometer with a 3 plate ion focusing region for laser ionization of neutrals. Negative ions entering this region are attracted to the high voltage plate and are not deflected toward the flight tube/detector, and positive ions undergo a curved deflection as they enter the high voltage field region and do not reach the microchannel detector at all or are dispersed by the field to generate only a background signal, which is known to be quite small (<1 mV) by measurement.
In addition to the ablation laser, another laser is used to photo-excite the energetic sample in the beam and then detect the dissociated fragments. A single pump/probe laser is used at 283 nm for sample initiation and N 2 detection following a one color (2 + 2) resonance-enhanced four photon ionization
) and I ← a transitions] through time of flight mass spectrometry (TOFMS). [47] [48] [49] Note that the energetic salt sample is in a condensed phase ((NH 4 ) 2 BT and TAGzT trapped in an R6G matrix) under 532 nm laser ablation, while for the 283 nm excitation/decomposition processes, it is in the form of an isolated energetic molecule. The UV laser wavelengths for this process are generated by a dye laser, pumped by the second harmonic (532 nm) of a Nd: yttrium aluminum garnet laser's fundamental output (1.064 µm), in conjunction with a frequency doubling system. As totally five or six photons are required in one decomposition and detection process (i.e., (NH 4 ) 2 BT can dissociate upon two photons absorption, TAGzT can dissociate upon one or two photon absorption), the typical pulse energy of the UV laser is ca. 5 mJ/pulse, giving an intensity of ∼2 × 10 9 W/cm 2 for an 8 ns pulse duration at the sample. The molecular beam is perpendicularly crossed by the UV laser beam, which is focused to a spot size of about 0.2 mm diameter at the ionization region of the TOFMS. Before the detection of energetic salts, a 3% N 2 in He gas mixture is prepared and studied for calibration of the N 2 rotational spectrum.
The timing sequence for pulsed nozzle, ablation laser, and excitation/ionization laser is controlled by time delay generators (SRS DG535). The experiment is run at a repetition rate of 10 Hz. Ion signals in the TOFMS are detected by a microchannel plate (MCP) and signals are recorded and processed on a personal computer (PC) using an ADC (analog to digital converter) card (Analog Devices RTI-800) and a boxcar averager (SRS SR 250).
Since no experimental data exist for vertical excitation energies of (NH 4 ) 2 BT and TAGzT, in order to determine the accuracy of theoretical calculation for the higher electronic states, the experimental UV-vis absorption spectra of the two energetic salts are taken with an UV-vis-NIR Varian Cary 500 spectrometer in the range from 182 to 1000 nm. The two samples are dissolved in water with concentrations between 10 −6 and 10 −5 mol/l. These spectra are discussed in Section IV.
III. COMPUTATIONAL METHODS
The calculations for (NH 4 ) 2 BT are executed at the CASSCF(12,8)/6-31G(d) level of theory within the Gaussian 09 program. To explore the excited state potential energy surfaces, the active space comprises 12 electrons distributed in 8 orbitals, denoted as CASSCF (12, 8) . The equilibrium geometry calculations are conducted taking the total charge as neutral and the spin multiplicity as 1 (S = 0). Because the structure of TAGzT is too complicated and using the CASSCF(12,8)/6-31G(d) method takes an extremely long time, a two layered ONIOM (CASSCF/6-31G(d):UFF) method has, therefore, been applied to explore the nonadiabatically coupled ground and excited electronic state potential energy surfaces of the isolated TAGzT molecule. 30 The two triaminoguanidinium cations of TAGzT are considered as the lower layer and the 5,5 ′ -azotetrazolate anion is the higher layer in the ONIOM (CASSCF/6-31G(d):UFF) calculation. For the entire TAGzT molecule (also called "real system" in the ONIOM method), the total charge is neutral and the spin multiplicity is 1 (S = 0). For the TAGzT model system, the high layer (zT 2− ) charge value is −2, while for the low layer (TAG cations), the charge value equals +2. The spin multiplicity in the model system in both layers equals 1 (S = 0). No symmetry restrictions are applied for the calculations.
The active spaces used in the CASSCF methods for (NH 4 (12, 8) active space comprises two σ-nonbonding orbitals around the N= =N bridge between the two tetrazole rings nσ 1,N= =N and nσ 2,N= =N , two π-bonding orbitals around one of the tetrazole rings π 1,ring and π 2,ring , two σ-nonbonding orbitals on the whole molecular system nσ 1 and nσ 2 , one π-antibonding orbital on the N= =N bridge π N= =N * , and one π-antibonding orbital on one of the tetrazole ring π ring * .
one of the tetrazole rings π ring , five σ-nonbonding orbitals on two tetrazole rings nσ 1 , nσ 2 , nσ 3 , nσ 4 , and nσ 5 , and two π-antibonding orbitals on two tetrazole rings π 1 * and π 2 * , as shown in Figure 2 . Orbitals used for TAGzT include two σ-nonbonding orbitals around the N= =N bridge between the two tetrazole rings nσ 1,N= =N and nσ 2,N= =N , two π-bonding orbitals around one of the tetrazole rings π 1,ring and π 2,ring , two σ-nonbonding orbitals on the whole molecular system nσ 1 and nσ 2 , one π-antibonding orbital on the N= =N bridge π N= =N * , and one π-antibonding orbital on one of the tetrazole ring π ring * , as shown in Figure 3 . For both energetic salts, the dissociation steps involve the opening of one of the tetrazole rings, thus, both σ-nonbonding orbitals and π orbitals around the tetrazole ring are selected for exploration of decomposition mechanisms. The chosen orbitals are mainly molecular orbitals from HOMO-4 to LUMO+2. Eight orbitals are selected because it is the maximum limit for CASSCF for conical intersection calculations due to the need for analytic second derivatives. The agreement between theory and experiment demonstrates that 8 orbitals are sufficient in this instance to derive mechanisms for the initial fragmentation reactions. Excitation energies are calculated by state averaging over the ground and excited states with equal weights for each state. Larger basis sets than 6-31G(d) for CASSCF calculations do not substantially improve the results and understanding of the reaction mechanisms. 15, 16 Critical points (minima and transition state structures) are characterized by analytical frequency calculations, and minimum energy paths are calculated using an intrinsic reaction coordinate (IRC) algorithm implemented in the Gaussian 09 program suite. To find transition and intermediate states along reaction pathways, a relaxed scan optimization algorithm as implemented is employed in which all geometrical parameters except for the specified bond distance are optimized and electronic energies are monitored as the specified bond is elongated. The bond length increase for each step is 0.1 angstrom for a total scan length of 3.0 angstroms. The structure with peak potential energy in the scan is most likely a transition state, and the structure with potential energy in a valley is most likely an intermediate state. To verify this conclusion and obtain a more accurate potential energy surface for the transition/intermediate states, the molecular structure provided in the scan is used as the initial structure in an adiabatic optimization calculation at the CASSCF (12, 8) level and the given active space.
Accuracy of the calculations along the reaction pathway is difficult to estimate since experimental information about conical intersections and transition states is not available. Calculations presented in this paper, however, are based on the experimental observations including the decomposition product N 2 and its internal energy distribution. Thus, the proposed reaction pathways/mechanisms, based on the computational results, provide a reasonable, and at minimum qualitative, interpretation for the experimental observations.
IV. EXPERIMENTAL RESULTS AND DISCUSSION

A. UV-vis absorption spectra of (NH 4 ) 2 BT and TAGzT
The UV-vis absorption spectra for (NH 4 ) 2 BT and TAGzT are shown in Figure 4 : the maximum absorption wavelengths in the experimental range for (NH 4 ) 2 BT are 185 and 215 nm. For TAGzT, a weak absorption feature is found at 422 nm and another two strong absorption peaks are located at 309 nm and 186 nm. In the decomposition study, the laser wavelength is 283 nm, and a two photon absorption process occurs for the decomposition of (NH 4 ) 2 BT; one photon absorption and two photon absorption will occur for TAGzT at the 283 nm excitation wavelength. As N 2 detection is a one color, (2 + 2), resonance-enhanced, four photon ionization (REMPI) process, the laser energy/pulse is ca. 20 times greater than that employed for (1 + 1) REMPI detection, such as employed for NO detection. The overall excitation/N 2 detection process for (NH 4 ) 2 BT and TAGzT salts is thereby a five or six photon process.
FIG. 4. UV-vis absorption spectra of (NH 4 ) 2 BT and TAGzT with maximum absorption wavelengths. The energetic salts are dissolved in distilled water.
B. Decomposition product N 2
Decomposition product N 2 is observed from electronically excited (NH 4 ) 2 BT and TAGzT compounds employing 283 nm excitation and TOFMS detection. The 283 nm excitation wavelength corresponds to the resonance (1-0) vibronic band of the a 1 Π g ← X 1 Σ g electronic transition of the N 2 product. [47] [48] [49] REMPI (2 + 2) rotationally resolved spectra of the N 2 product from the two energetic salts are obtained by scanning the laser excitation wavelength. The line width of the N 2 mass peak is 10 ns (∼laser pulse width) and laser beam intensity is varied without change in the N 2 TOFMS line width or spectral features. The hot energetic molecules, which might be generated in the ablation process, are effectively relaxed and cooled in the highly collisional expansion process, through the supersonic expansion. Additionally, the 532 nm ablation laser is not directly resonant for the energetic salts and these photons are almost completely absorbed by the R6G matrix. The two energetic salts have a very low absorption at 532 nm (2.33 eV): their higher electronic states are roughly 2-3 eV above this ablation photon energy. In the ablation process, energetic materials can be heated to higher rovibrational states of the electronic ground state. These intact energetic molecules are then cooled in the supersonic expansion. Based on our previous studies, decomposition of such energetic molecules under 532 nm laser irradiation is below our detection limit. 13 Figure 5 shows the spectra of a
rovibronic transition of the N 2 molecule arising from a 3% N 2 /He mixture, and energetic salts (NH 4 ) 2 BT and TAGzT following excitation to their excited electronic states. The rotational spectra of N 2 from the N 2 gas mixture and the two energetic salts have similar patterns: the most intense peak in each spectrum of N 2 corresponds to the S 0 peak of the S branch rotational transitions. Other peaks, including S 1 and S 2 of the S branch, Q 1 peak of the Q branch, and P 2 peak of the P branch rotational transitions are labeled in FIG. 5 . One color (2 + 2) REMPI spectra of the vibronic transitions a 1 
of N 2 from 3% N 2 /He mixture, and from electronic state excitation of (NH 4 ) 2 BT and TAGzT. The rotational temperature of the 3% N 2 mixture calculated from a Boltzmann plot equals 28 K. The rotational temperatures of N 2 decomposition products from (NH 4 ) 2 BT and TAGzT (as indicated) are estimated to be smaller than 30 K. Figure 5 . [47] [48] [49] The rotational spectrum of N 2 from (NH 4 ) 2 BT clearly evidences two peaks of the S branch: S 0 and S 1 . The rotational transition signals of N 2 from TAGzT are much weaker, and only the strongest S 0 peak is identified, as other peaks are too close to the background noise. The rotational spectrum for the N 2 /He mixture and (NH 4 ) 2 BT expansions is similar to that of previous studies, indicating an N 2 rotational temperature of about 20 K. 16, 17, [47] [48] [49] [50] The N 2 signals from TAGzT are much less intense and, through the comparison to the N 2 gas spectra in different rotational temperatures in previous studies, 16, 17, [47] [48] [49] [50] the rotational temperature of the N 2 product released from the TAGzT salt is assigned as lower than 30 K.
To find the vibrational temperature of the N 2 initial fragmentation product, the rotational spectra of N 2 should be obtained from several vibronic bands. The signal intensity of the reported N 2 rotational transition from ground rovibronic state v ′′ = 0 is ca. 100 mV, about 5 times higher than the noise level. To get N 2 rovibronic transition spectra starting at v ′′ ≥ 1 of the ground electronic state, the signal intensity should be 5-10 times lower than the above 100 mV, assuming an established vibrational temperature, as is typical for such fragmentation processes. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] This estimated transition intensity is well under the detection limit for the measurement. Consequently, further N 2 rovibronic bands were not obtained in these experiments, and thus vibrational temperature is not determined for the N 2 products of (NH 4 ) 2 BT and TAGzT.
TOF mass spectra, obtained under 283 nm excitation employed especially for N 2 detection, display a few very weak additional features in the low mass region. These features are, however, much weaker and their intensity remains constant as the excitation wavelength is scanned. These additional weak features are most likely not a result of a major decomposition pathway from the energetic salts.
V. THEORETICAL RESULTS AND DISCUSSION
A. Structures of (NH 4 ) 2 BT and TAGzT and their excitation energies
The ground state structure of (NH 4 ) 2 BT at the CASSCF(12,8)/6-31G(d) calculational level is planar for the bistetrazole rings with a torsion dihedral angle N5-C1-C1
• (labels in Figure 1 ). The calculated N-N bond lengths in the tetrazole ring of (NH 4 ) 2 BT are from 1.257 Å to 1.334 Å, which are between the N-N single bond (1.48 Å) and N= =N double bond (1.20 Å). 4 The ring C-N bond length in (NH 4 ) 2 BT is 1.325 Å, which lies between the C-N single bond (1.47 Å) and C==N double bond (1.22 Å). 4 The C-C bond connecting the two tetrazole rings is 1.458 Å, which is shorter than the typical C-C single bond (1.54 Å). 4 All the geometric values are close to the previous calculations of the (NH 4 ) 2 BT crystal in the monoclinic space group C2m structure and other bistetrazole derivatives. 4, 6 The comparison of the (NH 4 ) 2 BT dianion structural parameters between the gas phase and the condensed phase from the previous study is summarized in Table I. From Table I , it is found that the bond length difference in the two different phases is within 0.06 Å and the bond angle difference is within 3.2
• . These differences are caused by the increased number of hydrogen bonds in the (NH 4 ) 2 BT crystal. The crystal structure analysis suggests a hydrogen bond network is formed among the cations and dianions. 4 In the present calculation, for the gas phase ground state Frank Condon structure of (NH 4 ) 2 BT, both negative N atoms in the bistetrazole dianion are bonded to hydrogen atoms of the NH 4 moiety and form a H 3 N...H-N-R structure (R = rest of tetrazole ring). This structure is similar to that found for the energetic salts TKX-50 and MAD-X1. 16 The structure of isolated (NH 4 ) 2 BT calculated by the CASSCF(12,8)/6-31G(d) method is shown in Figure 6 . The hydrogen bond N...H distance between the N atom of the ammonium moiety and its H atom coordinated to the tetrazole ring is 1.892 Å, and the H-N bond to the tetrazole ring is 1.021 Å in length, 0.018 Å longer than the N-H bond of the NH 3 moiety. The calculated structure for (NH 4 ) 2 BT depicted in Figure 6 represents an almost complete proton transfer, generating a molecular complex of the form (NH 3 ) 2 (H 2 BT). Unlike the crystal, in the gas phase, the isolated (NH 4 ) 2 BT molecule does not have a strict cation-anion salt structure, but rather appears more as a hydrogen bonded compound: this is not a very surprising result as based on previous studies of energetic salt crystals, the energy barrier for proton transfer from cation to anion is ca. 10 kcal/mol. 34 The molecular species is, however, calculated as a whole system, including all the hydrogen bonds between the two NH 4 cation moieties and the dianion bistetrazole rings. Nonetheless, decomposition of (NH 4 ) 2 BT creating the N 2 observed in the experiment occurs within its tetrazole ring; thus, the types of bonds between the NH 4 groups and bistetrazole rings are not the main issue or concern for this study, as long as the appropriate electronic and geometric structures are considered. The hydrogen bonding patterns are similar for the crystal. The essential point is that, in both gas and condensed phase, electronic excitation is the main issue for the bistetrazole moiety decomposition.
The TAGzT MP2/6-31G(d) structure obtained is also shown in Figure 6 : the azotetrazolate dianion has a planar structure with a torsion dihedral angle C1-N==N-C1
′ of 178.601
• (labels in Figure 1 ). The N-N bonds of the tetrazole ring are between 1.340 and 1.358 Å and the N==N bond of the bridge between the two tetrazole rings is 1.289 Å. The C-N bonds on the tetrazole ring are between 1.348 and 1.351 Å. For C-N= =N-C bridge, C-N bonds are a little longer at 1.386 to 1.387 Å. All these bonds have double bond character as a result of π-electron delocalization, consistent with results of previous studies.
1,2,9 For the triaminoguanidinium cations C(NHNH 2 ) + 3 , the dihedral angle among the carbon in the center and three nitrogen atoms surrounding it is in the range 1.475
• -2.699
• , and these heavy atoms are nearly co-planar, in agreement with previous results. 9 Two of the three H atoms in the NH structure of C(NHNH 2 ) + 3 participate in the intramolecular hydrogen bonds with N atoms: one on the tetrazole ring and the other on the N==N bridge. Because the structure of TAGzT is complicated with many atoms and the CASSCF(12,8)/6-31G(d) method becomes very costly, a two layered ONIOM (CASSCF/6-31G(d):UFF) method has been applied to its structure, as shown in Figure 6 . The azotetrazolate dianion is in the high layer, while the two triaminoguanidinium cations comprise the low layer. Similar to the MP2/6-31G(d) structure, a planar structure, with the torsion dihedral angle C1-N==N-C1 ′ of 179.137
• , is found for the azotetrazolate dianion. The N-N bonds on the tetrazole ring lie between 1.291 and 1.312 Å, about 0.05 Å shorter than found by the MP2 method, and the N==N bond on the bridge is 1.224 Å, 0.07 Å shorter than found by MP2. C-N bonds on the tetrazole rings lie between 1.320 and 1.321 Å, 0.03 Å shorter than found by the MP2 method. The C-N==N-C bridge has C-N bonds of 1.411 Å, 0.03 Å longer than found by the MP2 method. For triaminoguanidinium cations C(NHNH 2 ) + 3 , the structure is still nearly co-planar; however, no obvious intramolecular H-bonds are suggested between the cation and azotetrazolate dianion. The absence of the anion/cation H-bonds is perhaps the main reason for the bond length differences between the MP2 and ONIOM (CASSCF/6-31G(d):UFF) methods; however, since all these N-N and C-N bonds still show both single and double bond character, this latter approximation is employed in order to calculate the potential energy surfaces for the ground and first excited states. To test the accuracy and applicability of the ONIOM method, an ONIOM approach is applied to (NH 4 ) 2 BT, as well: the results of these calculations are compared to the CASSCF approach and presented in the supplementary material. 55 The ONIOM algorithm, appropriately partitioned, can provide a qualitative and reasonable picture of the decomposition mechanism, although not all the energies of the critical points are accurate.
Experimental results yield that the N 2 molecule is the initial nanosecond electronic excitation decomposition product for the energetic salt systems explored under this study. In order to understand the experimental data more completely and derive reaction mechanisms, theoretical calculations of molecular geometries and energies for the Franck-Condon structures, conical intersections, transition states, and intermediate states along both the ground and excited state potential energy surfaces are explored for both energetic salts. These theoretically derived reaction paths with potential energies and molecular geometries are shown in Figures 7-10 .
Four possible decomposition mechanisms are explored for (NH 4 ) 2 BT in the theoretical study, through four different conical intersections between the S 1 and S 0 electronic states, all of which are related to opening of the tetrazole ring. Five possible decomposition mechanisms are explored for TAGzT, including four tetrazole ring opening channels and the breaking of the C-N bond between one tetrazole ring and the N= =N bridge. All these reaction channels are chosen because they are energy available and accessible for creation of an N 2 product. The actual reaction pathways or mechanisms followed by these molecules will depend on different factors, for example, the rate of internal vibrational energy redistribution, the heights of reaction barriers, and the Figure 7 along the (NH 4 ) 2 BT dissociation reaction paths (1)-(4). For atoms in the structure, grey is carbon, blue is nitrogen, and white is hydrogen. rate of non-adiabatic transition through the different conical intersections: at present these dynamics are not individually experimentally accessible.
FIG. 8. Structures of all critical points and conical intersections mentioned in
Calculations at the CASSCF(12,8)/6-31G(d) and ONIOM (CASSCF/6-31G(d):UFF) levels are employed to determine the vertical excitation energies for (NH 4 ) 2 BT and TAGzT from the ground electronic state S 0 (FC structure) to the first and second excited electronic states S 1 and S 2 , respectively. The vertical excitations calculated for the S 1 and S 2 electronic states of (NH 4 ) 2 BT are 5.24 and 6.96 eV. The maximum absorption wavelengths for the (NH 4 ) 2 BT salt in UV-vis absorption spectra shown in Figure 4 are 215 nm (5.77 eV) and 185 nm (6.70 eV). The commonly accepted uncertainty range for CASSCF calculated energies is ±0.5 eV: 51, 52 calculation of the relevant excited states of (NH 4 ) 2 BT is thus considered reasonable. The vertical excitations calculated for the S 1 and S 2 electronic states of TAGzT are 2.15 and 5.24 eV. The three absorption wavelengths of TAGzT in UV-vis absorption shown in Figure 4 are 422 nm (2.93 eV), 309 nm (4.01 eV), and 186 nm (6.66 eV). The theoretical and experimental difference for TAGzT becomes larger mainly because the ONIOM approximation is used and the cations and dianion of the salt are divided into two layers; however, since we focus on the S 1 and S 0 states of TAGzT, the theoretical result for the TAGzT (E 1 -E 0 ) is still reasonable. Under the chosen experimental conditions for these studies, the molecular excitation for TAGzT is a one or two photon process as the energy of laser excitation in our experiment equals 4.38 eV (283 nm), higher than the S n energy of TAGzT (n ≤ 2, from UV spectra): these energetic molecules can thereby be excited to higher electronic states. TAGzT can rapidly (<100 fs) evolve to the ground electronic potential energy surface through conical intersections between the different electronic states. [12] [13] [14] [43] [44] [45] [46] FIG. 10 . Structures of all critical points and conical intersections mentioned in Figure 9 along the TAGzT dissociation reaction paths (1)-(5). For atoms in the structure, grey is carbon, blue is nitrogen, and white is hydrogen.
Since the S n higher excited electronic states are closely spread in energy, conical intersections between them most likely arise through large non-adiabatic couplings, which rapidly (ca. 10-100 fs) place it on its S 1 potential energy surface. Thus only S 1 excited and S 0 ground state reaction mechanisms are discussed below.
Additionally, for the decomposition mechanisms of both energetic salts, only molecular singlet states and singletsinglet transitions are considered, because based on our previous femto-second studies of energetic molecules RDX and HMX, the decomposition dynamics fall into the time scale of our excitation pulse duration (ca. 100 fs).
14 These results emphasize that gas phase energetic material decomposition is an extremely fast non-adiabatic reaction at the molecular level. Molecular singlet-singlet transitions are much faster than singlet-triplet, spin forbidden transitions. The time scale of molecular fluorescence emission is between 10 −5 and 10
s, while that for phosphorescence emission is between 10 −4 s and 10 s. 53 Therefore, singlet-triplet transitions and couplings are not the initial, main energy release mechanisms for these energetic systems.
B. Potential energy surfaces for (NH 4 ) 2 BT
Schematic one-dimensional projections of the multidimensional singlet potential energy surfaces (S 0 and S 1 ) of (NH 4 ) 2 BT, with locations and potential energies (the presented energies are not corrected for zero point energy) for different critical points and conical intersections along the minimum energy reaction paths, are plotted in Figure 7 . The reaction paths in Figure 7 show that with two photon absorption, (NH 4 ) 2 BT can be excited to an S n (n > 2) excited state: it then evolves to the first excited electronic state S 1 through several conical intersections among different excited electronic states. As conical intersections between highly excited electronic states (S n , n > 2) are typically not accurately calculated through a CASSCF algorithm, accurate energies for these conical intersections are not listed; however, the concept that molecules move from higher electronic states to lower electronic states through conical intersections is well documented in many studies. 45, 46 On the S 1 electronic excited state surface, (NH 4 ) 2 BT undergoes a rapid internal conversion to the energy minimum structure S 1,min . Following this, the molecule encounters energy barriers for the transition states S 1,ts(1)− (4) , and moves to the ground electronic state through conical intersections (S 1 /S 0 ) CI(1)−(4) : molecules undergoing this process would place sufficient vibrational energy in the S 0 state, transferred from the S 1 (and S n ) electronic energy, to dissociate. Totally four transition states on the S 1 surface, related to four different conical intersections, are identified. The energies of these transition states are listed in Table II .
The reaction path with the lowest transition state energy shown in Figure 7 is the red one (reaction path (1) in Figure 7 and Table II ). Along this reaction coordinate (red path), the (NH 4 ) 2 BT molecule moves from S 1,min , surmounts a 0.44 eV energy barrier at S 1,ts (1) , and then reaches conical intersection (S 1 /S 0 ) CI (1) . Because the red path has the lowest energy barrier, this channel might be the most probable reaction path for the fragmentation: the tetrazole ring opens at the N2-N3 bond (atoms labeled in Figure 1 ) along this coordinate.
The energy barriers of the other three reaction paths (orange, blue, and black) from S 1,min to (S 1 /S 0 ) CI(2) , (S 1 /S 0 ) CI (3) and (S 1 /S 0 ) CI(4) shown in Figure 7 are 0.55, 0.98, and 2.34 eV, respectively. The black reaction path in Figure 7 (reaction path (4)) has the highest energy barrier: the tetrazole ring opens between the C1-N2 bond in this case. As all these energy barriers are energy available in the 2-photon absorption experimental system, all four reaction channels are reasonable.
The adiabatic energy gaps between the S 1 and S 0 surfaces near conical intersections (S 1 /S 0 ) CI(1)−(4) are computed to be in the range between 7 and 88 cm −1 , which means the S 1 and S 0 surfaces are strongly non-adiabatically coupled with one another: the small energy gap increases the probability of a non-adiabatic transition from the upper to lower electronic states. As the molecule moves from the S 1 to S 0 state through (S 1 /S 0 ) CI (1) Details of each reaction path (i = 1-4)
create an N 2 product, the energy barriers in this case will be greater than 3.5 eV; therefore, (NH 4 ) 2 BT is more likely to open a tetrazole ring on the first excited state S 1 and then move to the S 0 state through various conical intersections. The energies of the final molecular structure with a dissociated N 2 product in the four reaction paths are in the range from −0.64 to 2.75 eV: thus, dissociation products should thereby have high vibrational temperatures as the energy in the molecule from photon absorption is now transferred and stored as vibrational energy on the ground electronic state surface. The N 2 product moves away from the rest of the molecule or radical without obvious torque for all the reaction channels as shown in Figure 8 . Therefore, N 2 products should have low rotational temperatures, as is consistent with experimental results. In sum, (NH 4 ) 2 BT absorbs two laser photons and is excited from the ground state to higher electronic states. The concomitant electronic excitation models the condensed phase, triboluminescent processes that occur upon shock wave, etc., crystal initiation of the energy release processes. It then decomposes to form N 2 products, following four possible reaction paths, as outlined in Figure 7 . The tetrazole ring of (NH 4 ) 2 BT opens on the first excited state S 1 : the N 2 product is dissociated on the ground electronic potential energy surface. The decomposition dynamics are purely non-adiabatic in nature and conical intersections lead rapidly and efficiently to internal conversion from upper to lower electronic states through non-adiabatic, radiationless transitions. During this internal conversion, electronic energy in the upper state is converted to vibrational energy on the lower states in a potential time scale of a few tens of femtoseconds. The difference between the excited state energy S n of (NH 4 ) 2 BT (S n is an excited electronic state which the laser energy can reach, n > 2 in this study) and the energy of the final decomposition structure with an N 2 dissociated product plus their internal energies is the energy released from the (NH 4 ) 2 BT salt in this initial molecular step. Based on our calculations, N 2 should have a high vibrational temperature. This conclusion is consistent with all the energetic materials we have studied previously, [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] independent of the small molecule NO or N 2 dissociated product from the energetic molecule. In condensed phase, the explosion involves a chain reaction: this further reaction chain is not directly incorporated into the isolated molecule initial reaction mechanism; nonetheless, any condensed phase chain reaction certainly depends upon the initial molecular mechanism and dynamics. Under a high vibrational temperature, the energetic material can continue to perform secondary decomposition reactions in high density and condensed phase energetic systems.
Table III summarizes all the tetrazole-based, nitrogen-rich energetic materials studied in our laboratory, including seven normal organic molecules and four salts. 16, 17, 54 Similar to previous studies of nitrogen-rich energetic materials based on the tetrazole ring (1,5 ′ -BT, 5,5 ′ -BT, 1-DTE, 5-DTE, BTA, BTH) without an NO 2 or N 2 O 2 group or other functional groups, such as N 3 , the tetrazole ring must open in order to form an initial N 2 product. The conclusion "on the first excited state surface S 1 , the N-N bond (especially the N-N bond next to the C-N bond) of the tetrazole ring is less energy expensive to break than is the C-N bond," 54 not only applies to the tetrazole-based neutral organic molecules, but also agrees with the theoretical results for tetrazole-based energetic salts. Sufficient energy is absorbed by the material in the excitation/decomposition process, such that all ring opening positions for the formation of N 2 are energy available. Among all nitrogen-rich energetic materials we have studied, the lowest energy barriers for the opening of the tetrazole ring are in the range from 0.31 eV to 0.75 eV as shown in Table III : the lowest energy barrier for the opening of tetrazole ring of the (NH 4 ) 2 BT salt is 0.44 eV. The energy of the final molecular structure with dissociated N 2 product for all the materials listed in Table III is from −1.86 to 3.11 eV. For the (NH 4 ) 2 BT salt, this energy is from −0.64 to 2.75 eV, comparable to other nitrogen-rich, neutral organic energetic materials. Additionally, because the N 2 dissociation products being detected have low rotational temperatures (<30 K), all these nitrogen-rich energetic materials, either neutral organic molecules or salts, have similar mechanisms for N 2 dissociation from the tetrazole ring. As shown in Table III , the main difference between energetic salts and neutral organic molecules is that energetic salts have lower excitation energy. Excitation energies to the first excited state S 1 of neutral species are from 6.20 to 7.08 eV, while for energetic salts, TKX-50, (NH 4 ) 2 BT, and TAGzT (discussed in Sec. V C), S 1 -S 0 energy differences are 4.45, 5.24, and 2.15 eV, respectively. Energetic salts have lower excitation energies than their neutral counterparts perhaps due to their extended bonding structure through the anion/cation electronic delocalization, hydrogen bonding, and charge transfer excitations.
C. Potential energy surfaces for TAGzT
Schematic one-dimensional projections of the multidimensional singlet potential energy surfaces (S 0 and S 1 ) of TAGzT, with locations and potential energies for different critical points and conical intersections along the minimum energy reaction paths, are plotted in Figure 9 and the energy for each point is summarized in Table IV. Figure 9 describes five different reaction mechanisms or channels for TAGzT decomposition, including the opening of tetrazole ring and breaking of the C-N bond connecting the N= =N bridge to one of the tetrazole rings. The reaction coordinates depicted in Figure 9 include C-N and N-N bond lengths at the TAGzT active sites. Arrows with colors in red, orange, brown, blue, and black in Figure 9 indicate different possible decomposition channels. Structures at critical points and conical intersections are summarized in Figure 10 . In Figures 9 and 10 , FC geometry S 0,FC is the optimized minimum energy of TAGzT on S 0 , (S 1 /S 0 ) CI(1)−(5) are the conical intersections between the S 0 and S 1 potential energy surfaces, and (1)- (5) relate to the five different decomposition channels. S 1,ts(1)(2) (5) are the excited transition states on the S 1 surface between the minimum structure S 1,min and the related conical intersections. Labels (3) and (4) Comparison of energetic salts and neutral organic nitrogen-rich energetic materials. The first column identifies the energetic material considered. The 2nd column shows the energies of excited states on their respective potential energy surface's FC points (vertical excitation). The 3rd and 4th columns show the energies of transition states either for the opening of tetrazole ring or the breaking of other functional groups on the S 1 excited state. In the 3rd and 4th columns, the values in the parenthesis are the energy barriers on the S 1 state: these values equal the energies of the transition states S 1,ts minus the energies of the minimum structures S 1,min . The fifth column shows the energies of the final molecules with dissociated N 2 products on the ground electronic state S 0 . The last column shows the rotational temperatures of N 2 products. Details of each reaction Path (i = 1-4)
S 0,n2(1)(2) (5) are N 2 dissociated products on the S 0 potential energy surface. The reaction paths in Figure 9 show that, with one or two photon absorption, TAGzT can be excited to its S n (n ≥ 2) state and then evolve to the first excited electronic state S 1 through several conical intersections. On the S 1 state, TAGzT undergoes a rapid internal conversion to the energy minimum structure S 1,min . Next, the molecular evolution encounters energy barriers to transition states S 1,ts(1)(2) (5) as the molecule passes to the ground electronic state through the (S 1 /S 0 ) CI(1)−(5) conical intersections: molecules undergoing this process place sufficient vibrational energy in the S 0 state, transferred from the S n electronic excitation energy, to dissociate. No transition state is found between S 1,min and (S 1 /S 0 ) CI(3)(4) ; therefore, on these two reaction paths, the molecule encounters the energy barrier, and moves from S 1,min to the conical intersections (S 1 /S 0 ) CI(3)(4) directly and then passes to the ground electronic state. The five conical intersections between the S 1 and S 0 potential energy surfaces contain four different tetrazole ring opening positions and the cleavage of the C-N bond between the tetrazole ring and the N==N bridge. The energy barriers from S 1,min to the related transition states (reaction paths (1) (2) (5)) or conical intersections (reaction paths (3) and (4)) are from 1.47 to 2.71 eV. Among these five channels, the breaking of the N2-N3 bond on the tetrazole ring (reaction path (1), red in Figure 9 ) has the lowest energy barrier. For the opening of the tetrazole ring, the breaking of the C1-N5 bond (reaction path (4), black in Figure 9 ) has the highest energy barrier (2.56 eV). This theoretical result is consistent with those for previous nitrogen-rich energetic materials we have studied: breaking the C-N bond on the tetrazole ring has a higher energy barrier than breaking an N-N bond on the tetrazole ring. Breaking the C-N bond between the tetrazole ring and the N==N bridge has a still higher energy barrier (2.71 eV) than that for any tetrazole ring opening. The adiabatic energy gaps between the S 1 and S 0 surfaces near (S 1 /S 0 ) CI(1)−(5) are computed to be in the range between 26 and 395 cm −1 ; therefore, the S 1 and S 0 adiabatic surfaces are strongly non-adiabatically coupled with one another: small energy gaps increase the probability of a non-adiabatic transition from upper to lower electronic states.
As the molecule transfers from the S 1 to S 0 surface through (S 1 /S 0 ) CI(1)−(5) , the steepest descent pathways for the molecule are evolution to either the stable intermediate states S 0,im(1)(2) (5) or to the Frank-Condon structure S 0,FC . Based on the IRC scan, the tetrazole rings close on the ground electronic state through conical intersections (S 1 /S 0 ) CI(3)(4) and the molecule returns to the Frank-Condon structure. The tetrazole rings at intermediate states S 0,im(1)(2) along reaction paths (1) and (2), however, stay open. From S 0,im(1)(2) the molecule surmounts energy barriers from 0.83 to 1.00 eV through the concerted transition states S 0,ts(1)(2) and forms N 2 products S 0,n2(1)(2) . N 2 product moves away from the remaining molecule without obvious torque in these two reaction channels as shown in Figure 10 . Therefore, N 2 products should have low rotational temperatures, as is consistent with the experimental results. Energies of the final molecules with dissociated N 2 from these two reaction paths are 0.63-0.71 eV. Therefore, most of the electronic energy absorbed through the excitation process is stored as vibrational energy in the molecular system: based on the calculations, the N 2 product should have a high vibrational temperature. From the intermediate state S 0,im (5) , in which the C-N bond between the tetrazole ring and the N= =N bridge is broken, to get the dissociated N 2 product, an energy barrier 7.30 eV must be surmounted: this barrier is probably too high to be a competitive open channel (not shown in Figure  9 ). To open the tetrazole ring on the ground electronic state from Frank Condon structure S 0,FC , the energy barriers are from 3.79 to 4.31 eV, which is about 3 eV higher than those for the opening of the tetrazole ring on the first excited state S 1 . TAGzT is most likely to open a tetrazole ring on its first excited state, with the N 2 molecule dissociated on its ground electronic state.
In sum, TAGzT absorbs one or two laser photons and is electronically excited in the experiment: it undergoes decomposition to form an N 2 product, through two reaction paths as shown in Figure 9 . This electronic excitation process is designed to explore the "triboluminescent excitation processes" that occur in the condensed phase electronic excitation through shock wave initiation. Conical intersections are the key features in the excited electronic state chemistry of energetic molecules, including energetic salts. These initial product species, with N 2 product from TAGzT, have relatively high vibrational energy stored in the system for further dissociation reactions. The N-N bond, no matter how the tetrazole rings are connected to each other, is less energy expensive to break than the C-N bond: the tetrazole ring most likely opens on the first excited state S 1 . Although TAGzT can create N 2 from its N==N bridge, the tetrazole ring is more reactive for the formation of an N 2 product.
As shown in Table IV , TAGzT has only two reaction paths through which to form N 2 under the current experimental conditions. (NH 4 ) 2 BT, on the other hand, has four available channels and their energy barriers for the opening of the tetrazole ring on the S 1 state are similar; however, the condensed phase TAGzT is more sensitive 4,9 than (NH 4 ) 2 BT. The sensitivity of energetic materials has strong dependence on their intermolecular interactions in the condensed phase. 33 Note as well, moreover, TAGzT has lower excitation energy. The first excited state energy of TAGzT is only 2.15 eV, about 3 eV lower than (NH 4 ) 2 BT. In this case, TAGzT can be much more easily excited in condensed phase initiation processes. The lower excitation energy of TAGzT is probably associated with the extra N= =N double bond between the two tetrazole rings which forms a larger π-delocalization system in the molecule compared to that found for (NH 4 ) 2 BT. TAGzT, like BTH, can also produce N 2 from the N==N bridge moiety; 54 however, this mechanism is less reactive, and more energy expensive than opening of the tetrazole ring. This finding is consistent with the decomposition reaction calculated for neutral BTH. 54 A mechanism for N 2 product generation from triaminoguanidinium cations has been studied previously, but N 2 is not suggested to be one of the major products in the initial decomposition step; 1, 9 thus, this source is not considered here. TAGzT displays energy barriers for the opening of the tetrazole ring, energy of the final species with dissociated N 2 product, and low rotational N 2 product temperature that fall within a common range for both neutral and salt energetic materials, as shown in Table III . Therefore, except for its lower excitation energy, this energetic salt does not evidence different behavior compared to neutral organic energetic molecules with regard to dissociation of an N 2 molecule.
As a result, the behavior of N 2 dissociation from nitrogenrich energetic salts (NH 4 ) 2 BT and TAGzT is consistent with the behavior of neutral energetic compounds reported with a low rotational temperature and a high calculated vibrational temperature. 17, 54 The tetrazole ring opens on the first excited state S 1 , and N 2 is created on the ground electronic state S 0 . Conical intersections play an essential role in the decomposition mechanisms. Energy barriers for opening of the tetrazole ring for all these nitrogen-rich energetic molecules and salts are in the range from 0.31 to 2.71 eV, while the energy of the final molecular structure with dissociated N 2 product is from −1.86 to 3.11 eV. In this case, electronic excitation energy is stored as vibrational energy on the ground electronic state surface in the molecular system for further dissociation reactions. The vibrational temperature of the initial dissociation product is important in recognizing energetic molecules because initial decomposition products with high vibrational excitation are better able to propagate a chain reaction following the initial stimulus, leading to detonation. The S n → . . .→ S o pathways through a series of conical intersections leave the molecule on a new part of the S 0 potential energy surface, not necessarily near the FC equilibrium point. 21, 22 Thereby, all the excitation energy is available to break internal bonds and to generate reactive fragments and radicals for further reactions as required to classify a high energy molecule as a potential energetic material.
VI. CONCLUSIONS
Decomposition of the nitrogen rich energetic salts (NH 4 ) 2 BT and TAGzT following electronic excitation has been explored. These two energetic salts create N 2 from their tetrazole rings as initial decomposition products through a number of distinct reaction channels, which are similar to those found for tetrazole based neutral energetic organic materials without additional functional groups. The rotational temperature of N 2 products is low (<30 K). Based on the experimental observations and CASSCF calculations for (NH 4 ) 2 BT, the N 2 product is released by the opening of a tetrazole ring. The tetrazole ring opens on the S 1 excited state surfaces, and through conical intersections (S 1 /S 0 ) CI , N 2 products are formed on the ground state surface with little rotational excitation at the last N 2 dissociation step. The tetrazole ring opens at the N2-N3 bond with a lower energy barrier than that of the C-N bond, as is consistent with other tetrazole ring based energetic materials we have studied previously (for example, TKX-50, BTA, BTH, 1-DTE, 5-DTE, 1,5 ′ -BT, and 5,5 ′ -BT). 16, 17, 54 TAGzT can produce N 2 either by the opening of tetrazole ring or from the N= =N group bridge linking its two tetrazole rings; the opening of the tetrazole ring has lower energy barriers; however, the tetrazole ring opening at the N2-N3 bond is the most active position for N 2 formation for both TAGzT and (NH 4 ) 2 BT. The vibrational temperatures of N 2 products from the two energetic salts should be hot, based on calculations. Conical intersections are the key point for the theoretically derived mechanisms, as they provide non-adiabatic, ultrafast, radiationless internal conversion between upper and lower electronic states on the fs time scale, and place the undissociated molecule on a new part of the ground state potential surface, with all its electronic excitation energy placed in the ground state vibrations available for bond breaking. The energy barriers for the opening of the tetrazole ring for all nitrogen-rich energetic materials studied thus far, including both neutral organic molecules and salts, are in the range from 0.31 to 2.71 eV, while the energy of final molecular structure with dissociated N 2 product ranges from −1.86 to 3.11 eV. The main difference between energetic salt and neutral nitrogenrich energetic materials is that energetic salts usually have lower excitation energies. Energy of the first excited state S 1 of TKX-50, (NH 4 ) 2 BT, and TAGzT equals 4.45, 5.24, and 2.15 eV, while for the neutral nitrogen-rich organic materials, S 1 energy is in the range from 6.20 to 7.08 eV.
